Abstract: Fatigue testing of micromachined single-crystal silicon was performed using a test system that allowed simultaneous testing of multiple samples. The on-chip test structure, including an actuator, was fabricated using 0.6 µm resolution lithography to improve the morphological uniformity of the samples. Fatigue test results exhibited a clear tendency for the lifetime to lengthen when the strain amplitude or ambient humidity was decreased. The strain-life relationship at 50%RH was analyzed using the Paris law, and a crack propagation exponent of 19 was obtained.
Introduction
Material fatigue lifetime under repetitive cyclic stress is a crucial issue when certifying the long-term reliability of silicon MEMS (micro electro mechanical systems) devices. The structures of some MEMS devices need to be operated at high tensile stress and at high repetition. A proper evaluation of the lifetime of such devices is very much required. However, the fatigue characteristics of micromachined silicon are still uncertain screened by the very large scattering of stress-life measurement results. The situation is completely different from bulk material fatigue testing as the fracture of micromachined silicon is mainly governed by microfabrication qualities, such as the surface roughness and lithography resolution. Moreover, it is difficult to increase the number of measurements. The clamping of the film samples to a fatigue test machine is quite delicate work and limits the number of test samples. Additionally, the very long lifetime of the silicon structure is another reason that makes measurement difficult. Fatigue tests of single crystal silicon (SCS) using on-chip test structures with external test machines [1, 2, 3, 4, 5] or test structures with on-chip actuators [6] have been reported. However, their experimental stress-life behaviors differ and the origin of the differences remains unknown. Moreover, a number of papers [7] have reported on the fatigue behavior of polysilicon micro structures. The differences in the fracture mechanisms of SCS and polysilicon are also still unclear.
As detailed in this report, we developed an SCS test structure, including an on-chip actuator, that employs high-resolution fabrication technology to obtain a more stable stress-life relationship that excludes fabrication errors. We also developed a system to perform fatigue tests in which parallel fatigue tests on up to 12 samples can be performed simultaneously to obtain a sufficient number of test result data in a short time. The experimental results we obtained under two different environmental conditions are exhibited and discussed. low level so not to disturb the original SCS material properties. An electrostatic comb-drive actuator was employed to drive the loading because its structure can be fabricated by the same etching process to form the test piece. Lateral bending was applied to the beam-shaped test piece. A fanshape resonator (radius 250 µm) was designed to connect the test piece and the actuator, and to gain adequate vibration amplitude using resonance. Fig. 1 shows our fabricated resonator structure. A 0.6 µm resolution stepper and successive deep RIE were employed to form the test pieces (width 10 µm, length 30 µm, thickness 5 µm) with a notch (depth 4 µm, radius of tip curvature 0.5 µm) along with the electrostatic comb-drive structures (width 2 µm, gap 1.5 µm). The test piece beam was oriented along 110 direction. A deflection scale was attached at the outer edge of the resonator. One of two combs was used as a deflection sensor and operated with another on-chip comb electrode as a capacitance reference to provide differential output. The substrate under the movable part was removed from backside to prevent stiction. Our fabricated device became somewhat similar to a device presented in the literature [6] , although the lithography resolution was improved.
Parallel fatigue test system
We developed a parallel fatigue test system for this measurement. It comprises 12 parallel oscillation circuits in which each fatigue test device is operated independently. A block diagram of each oscillation circuit is shown in Fig. 2 . The deflection of the resonator is detected as the charge difference of the sensor and the reference capacitance. The deflection signal is phase-shifted and fed back to the actuator. The final high-voltage amplifier allows 80 V pp excitation. The oscillation amplitude is feedback-controlled by a variable-gain amplifier to keep the output amplitude signal at a preset voltage. Using this self-oscillation circuit, it is easy to increase the multiplicity of the test system by adding additional circuit boards and I/O ports of a personal computer.
The deflection signal is considered to be proportional to the resonator deflection angle and thus to be proportional to the strain in the test piece. We observed under microscopy that the resonator deflected at almost the same angle to both sides from the center. This means that the test piece was subjected to tensile/compressive repetitive strain (stress ratio R = −1). However, the deflection angle or the loaded strain has not yet been estimated accurately. Therefore, we defined a normalized strain based on the peak-topeak voltage of the deflection signal. The amplitude output and additional frequency output were captured to a personal computer every second during the test. The cycles of the fatigue life n were evaluated from the time of fracture and the resonant frequency.
Our tests were performed in a temperature and humidity controlled chamber under two different conditions, 23 ± 0.1 • C, 50 ± 1%RH, and 23 ± 0.1 • C, 25 +2 −1 %RH. The fracture of the test piece was recorded as a sudden drop of the amplitude and frequency signals. We terminated a test when the sample run out the operation without failure at 7 days (n ∼ 2.4 × 10 10 ) and at 3 days (n ∼ 1.0 × 10 10 ) for 50%RH and 25%RH, respectively. In the tests we report in this paper, up to four samples were subjected to parallel fatigue testing.
Results
Four samples were measured under each test condition. The resonant frequencies were typically 39 kHz and ranged from 38.75 kHz to 39.71 kHz. The deflection amplitude of the resonator was controlled by setting the reference voltage of the amplitude control circuit. The deflection signal exhibited a sinusoidal shape and its amplitude deviation was maintained within ±4%. The stability was affected by the interchannel signal interference although it was completely stable in single sample tests. This crosstalk was considered to be an issue of concern in parallel testing. There were no samples that exhibited failures during the oscillation risetime of 10 s. Of the 36 tested samples, 34 samples exhibited delayed fractures at a fatigue life n from 6.2 × 10 5 to 1.2 × 10 10 cycles depending on the conditions. Two other samples run out the test without failure. The condition of the test piece (intact or broken) was confirmed under optical microscopy after the test.
The strain-life data we observed are plotted as shown in Fig. 3 . While the humidity was kept constant, the lower the setting of the deflection amplitudes, the later the fracture of samples occurred. Moreover, the lower humidity (25%RH) results exhibited longer lifetimes (several times to 10 times) compared to the 50%RH conditions. This result clearly showed the effects of the strain amplitude and the humidity on the fatigue life.
The measured strain-life results at 50%RH were analyzed using the Paris law [5] , and the solid line in Fig. 3 indicates the best-fitted curve for 50% cumulative fracture probability. The fitted curve exhibited good agreement and the fitted crack growth exponent N was 19. From the test results at 25%RH, it was clear that humidity does have an effect on the fatigue behavior as has been discussed in the literature [1] . However, we did not observe curve fitting to the 25%RH results because it is still difficult to distinguish changes in the initial strength and crack growth exponent.
The scattering of the lifetimes under each of our testing conditions was considered to be improved over that reported in similar studies. In our study, the scattering was almost limited within 1 order for 4 samples, while other studies have reported it to be generally 2 or 3 orders [1, 5, 6 ]. This implies that the Weibull modulus was kept at a high value in our test piece, presumably due to the fabrication uniformity. A detailed analysis including the Weibull modulus is in progress.
The fitted N value of 19 seemed to be consistent with Muhlstein's report [6] in which no fitted line was indicated. However, much steeper fatigue behaviors corresponding to smaller N values less than 10 have also been reported in the literature [3, 4] . And, N values in polysilicon films [7] have been reported to be in a range of 40 to 50. The origin of such differences in the N value is still unclear and careful round-robin tests will be required to finally discriminate among the effects of the test piece shapes, fabrication methods, test methods, impurities, etc.
Conclusion
An SCS fatigue test structure was fabricated using 0.6 µm resolution lithography to improve the morphological uniformity. A parallel test system was built in which fatigue tests on up to 12 samples could be performed simultaneously. Fatigue tests were performed under different deflection amplitude and humidity conditions. Test results exhibited a clear tendency for the lifetime to lengthen when the strain amplitude or ambient humidity was decreased. The strain-life behavior at 50%RH was analyzed using the Paris law and a crack propagation exponent of 19 was obtained.
